This paper presents the experimental results of a low-power RF transmitter for 2.4-GHz-band IEEE 802.15.4 standard in 0.18-µm CMOS technology. In order to make an adaptive RF transmitter, several factors must be considered. The most important factors are performances, power consumption, output power, noise factor, and cost. The RF transmitter comprises a quadrature passive mixer, and a power amplifier. The proposed RF transmitter consumes only 10.8-mW under a supply voltage of 1.8-V.
Introduction
Recently, the growth of single-chip ultra low-power CMOS transceivers for the 2.4-GHz-band has been increasing significantly with the birth of the IEEE 802.15.4 standard [1] . This standard demands a longer battery life and lower-cost solutions for applications. The IEEE 802.15.4 standard refers to the large-scale deployment of small, inexpensive, and battery-powered sensing devices called sensor node with on-board processing and wireless communication capabilities which achieve a self-organized, infrastructure-less, and fault-tolerant sensor network in a cooperative way. Using such network, three operating frequency bands are considered: 868-MHz band in European, 915-MHz band in America, and the 2.4-GHz-band globally. There are three possible data rate of the IEEE 802.15.4 standard depending on the operating frequency band: 20 kb/s, 40 kb/s and 250 kb/s. This standard is being deployed over long periods of time in a wide range of potential applications scenarios, including automation, industrial, consumer electronics, personal health care, and chemical or biological phenomena. Of course, energy conservation is a fundamental concern for achieving the required network lifetime since battery replacement of sensor nodes is often impossible.
The radio subsystem is one of the most power consuming parts in sensors node. This unit consumes more than 50% during data communication. Our preliminary study on the design of a Radiofrequency Front-End module for WSN shows that the transmitter unit is one of the most powers hungry of the transceiver component of sensor nodes as depicted in Figure 1 . By optimizing power consumption of this unit, performance and energy requirements of the entire RF parts can be significantly improved. For this reason, we target the transmitter design step to minimize the energy consumption.
In this paper, we will describe the design and implementation of low-power CMOS RF transmitter for 2.4-GHz-band IEEE 802.15.4 standard. With the main goal of low power, low noise, and high linearity, the solution we are presenting is the use of a quadrature passive mixer operating in the current mode followed by a power amplifier (PA) [2] .
The rest of the paper is organized as follows. In Section 2, we examine related work. The transmitter design is described in Section 3. Simulation results are shown in Section 4. We conclude the paper in Section 5.
Related Work
In the last decade, there are several CMOS-based 2.4-GHz low-power transceivers related to the IEEE 802.15.4 standard [3] . But, those works are not always energy efficient for the IEEE 802.15.4 applications. However, those related research efforts still dissipate quite high power consumption. Thus, it is desirable to minimize the power dissipation. To address the above mentioned concerns, the most common solution is to employ a current reused technique [4] . Using the current reused technique, the linearity is limited due to the stack of several transistors.
This solution is based on different transceiver archi- tectures. The transceiver design related to wireless sensor network applications are classified in a three categories: 1) super-heterodyne; 2) low-intermediate frequency (low-IF); and 3) direct conversion [5] . The super-heterodyne architecture requires several mixers; therefore, it leads to greater power and makes the transceiver implementation more complicated. The low-IF architecture is characterized by a high analog-to-digital conversion (ADC) sampling rate leading higher power consumption [6] . In the direct-conversion architecture, a minimum number of external components is used such as the image rejection filter which is not needed and the IF bandpass filter is replaced by the low-pass filter. Therefore, this architecture is suitable for low-power and low-cost applications.
In this design, considering a low-cost and low-power aspect, the direct-conversion architecture is considered. This architecture is attracting by the easy integration with the baseband circuit, as well as its low power consumption and low manufacturing costs. In the transmitter chain, the image signals rejection is taken into account by using the low-IF receiver. This architecture uses 90˚ phases shifter in the signal path that introduces the limitation in the signal bandwidth, since the phase shifter is inherently narrow band. The considered transmitter consists of a quadrature passive mixer and a low-noise power amplifier.
Using this architecture, the IEEE 802.15.4 applications have a very low duty cycle of use. Therefore, it's essential to reduce both their consumption in operation mode and in sleep mode. For the latter mode, the power consumption should be less than 1 μA. Therefore, a minimum number of external components and a small silicon surface are critical to reduce the cost of such circuits.
The Transmitter Design
The proposed transmitter front-end is shown in Figure 2 . It consists of a power amplifier (PA), and a passive upconversion mixer with an O-QPSK digital modulation. In the direct-conversion transmitter, an LO leakage to the RF out port is one of the main drawbacks. In the upconversion mixer, the LO leakage is caused by either the mismatches in input signal or the mismatches in the DC current between two differential branches in the switching pair. To solve this problem, a conventional passive mixer dissipating no dc current is adopted [7] .
In this architecture, an output RF signal of the upconversion mixer is then amplified by a conventional cascode power amplifier topology with an additional capacitor C 1 as shown in Figure 3 . The function of the power amplifier is to provide a transmitted signal with an appropriated output power. A capacitor is added to the gate-source terminal of an input transistor M 1 to keep the input signal linear since the intrinsic gate-source capacitance C gs , which is essentially a bias dependent varactor, may lead to significant distortion at high input power levels [8] . The input transistor is biased at a high gatesource voltage to operate in class-A mode. The loading of the amplifier is chosen by considering the voltage and current swing at this node [9] . The total current consumption of the proposed amplifier is 6-mA under a supply voltage of 1.8-V.
The power cascode topology is chosen for the following reasons:  Due to the greater power margin, the linearity should be improved.  The gain can be controlled by varying the DC current of the pMOS transistor by changing the DC voltage to the cascode transistor gate. Using the proposed PA, the network L 1 -C 1 eliminates the strong second harmonic of the carrier, while the network L 2 -C 2 is tuned to carrier frequency. The input impedance of the proposed PA is given by
where, C gs is gate-source capacitor of the transistor M 1 . The network L 2 -C 2 is used also to adapt the output impedance to 50-Ω.
Simulation Results and Discussions
The proposed circuit is simulated with ADS simulation tools in 0.18-µm CMOS. The circuit is designed for 2.4-GHz ISM frequency band using the 2.4 -2.48 GHz bandwidth. The transmitter dissipates 6-mA from a 1.8-V supply. S-parameters of the power amplifier have been shown in Figure 4 . Both of input and output matching are good in the desired IF frequency (IF = 6-MHz). From Figure 4 , it can be seen that the input and output impedance of the proposed PA are well adopted at 2.4-GHz which is a goal in the study.
Since the sensor network will be used for some critical sensing application, the transmission reliability is evaluated by the output power signal. Figure 5 depicts a maximum output power of 1.7-dBm with an input power of 0-dBm.
The results show that the proposed architecture reduces significantly the power consumption with sufficient a transmitter output power.
The comparison of the results in this study with those of other works is given in Table 1 . As can be seen in Table 1 , this work has low power dissipation while still achieving relatively good performances compared with the others. 
Conclusion
In this paper, a low-power low-cost direct conversiontransmitter for the 2.4-GHz-band IEEE 802.15.4 standard was presented. Then, the specifications for power amplifier module in the transmitter were assigned, which is the sensitive module. The proposed transceiver was fabricated using 0.18-μm CMOS technology with a supply voltage of 1.8-V. The power amplifier showed a PEA (Power Added Efficiency) of 38% and dissipated 9-mW. In the whole transmitter chain, 1.7-dBm output power and 3.98-dBm output third-order intercept point (OIP3) were obtained. The proposed transmitter dissipated 10.8-mW.
